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Abstract. The charge equilibration upper energy-limit formula is proposed. It shows not only the basic
mechanism of charge equilibration but also does imply the possibility of controlling the exotic nuclear
synthesis. To understand the mechanism of charge equilibration, charge and mass distributions of final
fragments of the heavy-ion collisions are studied based on three-dimensional time-dependent Hartree-Fock
calculations with a Skyrme interaction.
PACS. 25.70.Kk Charge-exchange reactions – 24.10.Cn Many-body theory
1 Introduction
Charge equilibration is a process which equilibrates the
N/Z ratio over the two components at the early stage of
heavy-ion collisions (for a review, see [1]). The presence
of charge equilibration is a necessary condition for fusion
reactions, and charge equilibration is sometimes expected
to take place even when fusion cannot be achieved. The
relation between charge equilibration and fusion must be
interesting to be verified by microscopic calculations such
as time-dependent Hartree-Fock (TDHF) calculations.
Qualitatively speaking the rate of charge equilibration
decreases by increasing the bombarding energy, which will
be quantitatively discussed in this paper. Charge equili-
bration upper energy-limit formula is proposed, and we
show that there exists an energy region in which the more
exotic nuclei are produced by taking sufficient high bom-
barding energy above the upper energy-limit. On the other
hand, the mass of final products tends to be lighter for
collisions with higher bombarding energies. With respect
to having a synthesis of exotic nuclei with a certain N/Z
ratio and a mass, it is necessary to understand the compli-
cated relation between the charge and mass distributions
of final products.
This paper is organized as follows: the preparatory fun-
damental discussion is made in sect. 2, and the main ar-
gument based on the TDHF calculations is developed in
sect. 3. In particular we have performed systematic three-
dimensional TDHF calculations of 208Pb vs. some selected
nuclei with different bombarding energies and impact pa-
rameters. These calculations cover collisions with various
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masses from light nuclei such as 4He to heavy nuclei such
as 238U, which is one of the advantage of utilizing the
density functional theory.
2 Charge equilibration and synthesis of exotic
nuclei
2.1 Distribution of charge
We take the collision of a target nucleus with mass num-
ber A1, neutron number N1, and proton number Z1, and
a projectile nucleus with A2, N2, and Z2. The total mass,
neutron, and proton numbers are denoted by A, N , Z, re-
spectively. The nuclear radius parameter r0 is taken to be
1.2 fm. Before showing TDHF results, the concrete esti-
mates of the upper energy-limit of charge equilibration is
obtained by the Fermi gas-like treatment. Let us assume
that the upper energy-limit of charge equilibration is de-
termined by whether the touching time is large enough
for a single nucleon with the Fermi velocity to propa-
gate throughout the two colliding nuclei or not. Accord-
ing to such a viewpoint, here we take the nucleon with
the smaller Fermi velocity as decisive to the upper energy-
limit of charge equilibration. The minimum Fermi velocity
vF selected from those of protons and neutrons in both
target and projectile is
|vF | = h¯|kF |/m = h¯(3π2ρmin)1/3/m,
ρmin = min
i
(ρni, ρzi) =
min
i
⎛
⎜⎝
Ni
(
4πr0
3 A
1/3
i
)−1
(1− 3¯)(1 + δ¯) ,
Zi
(
4πr0
3 A
1/3
i
)−1
(1− 3¯)(1− δ¯)
⎞
⎟⎠ ,
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Table 1. Upper energy-limit of charge equilibration (1) is compared to TDHF calculations. The Coulomb barrier energy is also
shown for reference.
Eq. (1) [MeV/A] TDHF [MeV/A] Coulomb [MeV/A]
208Pb + 238U 6.91 6.5± 0.5 1.67
208Pb + 132Xe 6.50 6.5± 0.5 1.42
208Pb + 132Sn 6.36 6.5± 0.5 1.31
208Pb + 40Ca 3.66 3.5± 0.5 0.85
208Pb + 24Mg 2.36 2.5± 0.5 0.58
208Pb + 24O 2.18 2.5± 0.5 0.39
208Pb + 16O 1.75 1.5± 0.5 0.42
208Pb + 4He 0.48 < 1.0 0.12
where m and ρmin are the nucleon mass of the colliding nu-
cleus and the minimum density, respectively. The number-
ing i = 1, 2 distinguishes two initial nuclei, and the func-
tions ¯ and δ¯, which are introduced based on the droplet
model [2,3], are dependent on the mass number Ai. The
modification due to the droplet model becomes ineffec-
tive, when we take ¯ = δ¯ = 0. We compare this velocity
with the relative velocity vr between the two nuclei, and
|vF | > |vr| is the condition for charge equilibration. The
relative velocity between the two nuclei is represented by
|vr| =
√√√√ 2
μ
(
Ecm − 14π0
Z1Z2e2
r0(A
1/3
1 + A
1/3
2 )
)
,
where e and 0 are the elementary electric charge and
permittivity, respectively. For central collisions, this equa-
tion is quite adequate, and for peripheral ones, the radial
motion will be slower at the contact time, therefore this
estimate is valid as far as the upper limit is concerned.
When the estimated velocities for charge equilibration
(the Fermi velocity vF ) and for the relative velocity are
equal |vF | = |vr| [4], the upper energy-limit (Ecm =) ECE
of charge equilibration is represented by
ECE =
h¯2(3π2ρmin)2/3
2m
A1A2
A1 + A2
+
e2
4π0r0
Z1Z2
A
1/3
1 + A
1/3
2
.
(1)
Equation (1) yields an estimate for the energy-limit which
contains a dependence on the neutron and proton numbers
arising from ρmin, the reduced mass, and the touching
distance.
Before calculating the values of (1), the standard value
of upper energy-limit is estimated. By taking the Fermi
momentum as the standard constant kF = 1.36 fm−1, we
have 20.7A1A2/(A1 +A2)2 MeV/A for the upper energy-
limit. Distinct from the deeply examined eq. (1), this stan-
dard value of upper energy-limit becomes constant for
each fixed A1/A2. For instance, when we take symmet-
ric cases with A1 = A2, the standard value for the up-
per energy-limit of charge equilibration is calculated to
be 5.18MeV/A. Table 1 summarizes the comparison be-
tween the calculated values of condition (1) and the TDHF
calculations, where we notice that the TDHF values can-
not be explained merely by the above nuclear standard
value of upper energy-limit. To determine TDHF values
in this table, we included all fragment N/Z ratios for
a given bombarding energy, weighted by the geometric
cross-section. The upper energy-limit of the charge equili-
bration is obtained by utilizing those statistical data from
TDHF calculations. Here the criterion of charge equili-
bration is whether more than 50% of the final products
have the same N/Z ratio or not. This table shows a good
agreement between eq. (1) and three-dimensional TDHF
calculations. What is essential to the upper energy-limit
of charge equilibration is the motion of nucleons with the
Fermi velocity, which is to be well reproduced by the
TDHF calculations.
2.2 Distribution of mass
Although the distribution of charge is governed by eq. (1),
the distribution of mass cannot be explained by the
Fermionic motion. We consider that the distribution of
mass is highly affected by whether the merged composite
nucleus at the early stage of heavy-ion collisions is formed
or not. The formation of the merged system is discussed to
clarify certain classes of charge equilibration, even though
the charge equilibration without forming the merged sys-
tem will be discussed later. Let us start with the Q-value
of the reaction. The exothermic reaction is determined by
the following inequality:
EQ ≡ {M(A1 + A2, N1 + N2, Z1 + Z2)−M(A1, N1, Z1)
−M(A2, N2, Z2)}/(A1 + A2) < 0,
where −M(A,N,Z) is the binding energy of a nucleus
with A, N , and Z. The value −EQ × (A1 +A2) is usually
called the Q-value of the reaction, and EQ × (A1 + A2) is
the necessary energy to obtain the merged composite nu-
clei. If this condition is satisfied, the merged system at the
early stage is energetically possible to be achieved with-
out putting any extra energies1. Figure 1 quantitatively
demonstrates EQ-values for collisions of stable vs. stable,
stable vs. neutron-rich, and stable vs. proton-rich nuclei,
1 The extra energy discussed here is similar, but different
from the extra-push energy in its definition.
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Fig. 1. (Color online) EQ-values are shown by the color of each box, where the horizontal axes always mean the stable nuclei.
The borders of exothermic and endothermic reactions are shown by dotted lines. The merged system cannot be achieved on
the upper right side of the solid lines. The neutron-rich and proton-rich nuclei are defined by the nuclei with 20% larger and
smaller N/Z ratio compared to the β-stable nuclei, respectively.
where we utilize the Bethe-Weizsa¨cker formula to calcu-
late the binding energy. We notice that the amplitude of
EQ does not exceed 2.0MeV/A in any given settings. The
essential thing here is the competition between the surface
and the Coulomb energies, where the necessity of extra en-
ergy occurs at EQ = 0 (dotted lines shown in fig. 1). By
comparing three cases in fig. 1 we see that the required
extra energy tends to be larger for the collisions of sta-
ble vs. proton-rich, and smaller for stable vs. neutron-rich
nuclei. In all three cases the mass dependence of EQ is
governed by A1A2 = const (for example, see the dotted
lines in fig. 1), which can be roughly approximated by
Z1Z2 = const. Such trends are similar to the condition
proposed in the theory of extra-push energy [5,6].
Let us denote the Coulomb energy per nucleon at the
contact time by ECL. Figure 2 illustrates the transition
of the energy level structure, where the left panel corre-
sponds to light nuclear reactions (A1A2 is small enough),
and the right panel to heavy nuclear reactions (A1A2 is
large). Although we do not discuss anymore about the de-
tails of fig. 2, making a connection of potential surface
between states I and II is a standing problem (for exam-
ple, see [7–10]). As a necessary condition, the bombarding
energy Ecm must satisfy the following condition to have
the merged system:
Ecm > max(ECL, EQ + ECL),
where ECL is necessary for two nuclei to have a contact,
and EQ to have the merged system.
The formation of the merged system at the early
stage of heavy-ion collisions is also studied from the view
whether the merged system is barely bound or not. In-
deed if the merged system is barely bound, the formation
of the merged system should be highly suppressed. We
have a criterion whether the binding energy per nucleon
EMS is larger or smaller than the lower limit of binding
energy ELMS :
EMS≡−M(A1+A2, N1+N2, Z1+Z2)/(A1+A2)>ELMS .
(2)
As is well known, the average value of the binding en-
ergy per nucleon is almost 8.0MeV/A. Because we are
interested in the internal excitation energies around or
less than 2.0MeV/A as discussed in sect. 2.2, the bind-
ing energy of 6.0MeV/A is small enough to be taken as
the barely bound state. Therefore we take the lower limit
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Fig. 2. Transition of the energy level structure between light and heavy nuclear reactions. According to fig. 1, exothermic and
endothermic reactions tend to be found in light and heavy nuclear reactions, respectively. The states I and II denote the merged
system and the state at the contact time, respectively. The horizontal axis r denotes the distance between centers of the two
colliding nuclei.
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Fig. 3. The meaning of condition (2), where the barely bound
states are identified based on the Bethe-Weizsa¨cker formula.
For example, cases with the total mass number A = 100, 200,
300, 400, and 500 are shown. The table in the lower right-hand
side shows the minimum and maximum proton numbers for
each mass number A which satisfies the inequality (2) with
ELMS = 6.0MeV/A.
of binding energy ELMS to be 6.0MeV/A (fig. 3). This
condition is not satisfied by the nuclei with heavy mass,
neutron richness, or proton richness (table in fig. 3). The
solid lines added in fig. 1 correspond to this condition (2),
where the merged system is never achieved, no matter how
high bombarding energies we have. As a result, we intro-
duce the condition of charge equilibration without forming
the merged system. If the following three conditions are
satisfied, the merged system is formed during the charge
equilibration:
i) Ecm > max(ECL, EQ + ECL),
ii) EMS > ELMS , (3)
iii) ECE > EQ,
where the relation Ecm < ECE is trivially assumed, be-
cause we are interested in the charge equilibration. Con-
dition iii) arises from the relation with the upper energy-
limit of charge equilibration. Condition i) contains the de-
pendence of bombarding energy, while conditions ii) and
iii) merely distinguish colliding nuclei. Either ii) or iii) is
not satisfied by heavy nuclear reactions (see fig. 2).
2.3 Charge and mass distributions for exotic nuclear
synthesis
Charge equilibration disappears above the upper energy-
limit, and the nucleon transfer is suppressed. More ex-
otic fragments in terms of both quantity and quality are
expected to be produced in the absence of charge equili-
bration. Therefore controlling the bombarding energy is a
possible method for obtaining nuclei with the larger and
smaller N/Z ratios.
Another important aspect is the mass distribution of
final fragments. Roughly speaking the masses of final frag-
ments become smaller for higher energies. Here we con-
sider that the formation of the merged system must be es-
sential to determine the mass distributions at the charge
equilibrium, which is verified in the following. The relation
between mass and charge equilibration is complicated. It is
worthwhile to investigate its physical sense. Such a study
is necessary to obtain a nucleus with a certain N/Z ratio
and mass.
3 TDHF calculations
We show the details of TDHF calculations with a Skyrme
interaction (SLy4d [11,12]) for collisions between 208Pb
and selected nuclei. TDHF is a possible framework to un-
derstand the combined effects of isoscalar and isovector
resonances [13], which play an important role in the early
stage of heavy-ion collisions. The calculations were per-
formed on a 3D mesh with a grid size of 0.80 fm; conver-
gence, accuracy, and stability of the numerical techniques
were thoroughly checked [14–16]. In this paper we always
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Fig. 4. Time evolution of the dipole moment in central colli-
sions between 208Pb and 16O, where the cases of Ecm = 0.25,
1.0, 2.0, and 5.0MeV/A are shown (from lower to upper
curves). The values are normalized by the initial value E1z(0)
(the same for figs. 5 and 6).
start with spherical nuclei to avoid taking into account
the orientation dependence; this is permissible because
we are not interested in detailed structural effects in the
ground state, but rather in the generic behavior of nucleon
exchange.
3.1 Isovector-GDR mode
The formation of the merged system can be detected by
measuring the isovector-GDR mode. Indeed if the merged
system is not formed, we should not observe the mode
associated with the total system. Let us take central col-
lisions of 208Pb+ 16O, which satisfy conditions ii) and iii)
of (3). With respect to condition i) of (3), EQ and ECL
are 0.11 and 0.42MeV/A, respectively. The upper energy-
limit of charge equilibration is 1.75MeV/A (table 1). Fig-
ure 4 shows the time evolution of the dipole moment [17]
along the collision axis (z-axis),
E1z(t) =
NZ
A
(Rp(t)−Rn(t))z,
where Rp(t) and Rn(t) are the centers of mass of pro-
tons and neutrons, respectively. We have no contact in
the case of the center-of-mass bombarding energy Ecm =
0.25MeV/A, while two colliding nuclei pass each other
without exhibiting any isovector motion in the case of
Ecm = 5.0MeV/A. We see oscillations with a dominant
frequency in cases of Ecm = 1.0 and 2.0MeV/A, which
correspond to the appearance of isovector-GDR. The
charge equilibration is simply dependent on the isovector-
GDR in a collision between 208Pb and 16O, where the
merged system is formed.
Let us take the central collisions of 208Pb+40Ca, which
satisfy conditions ii) and iii) of (3). With respect to condi-
tion i) of (3), EQ and ECL are 0.46 and 0.85MeV/A, re-
spectively. The upper energy-limit of charge equilibration
is 3.66MeV/A (table 1). Figure 5 shows the time evolu-
tion of dipole moment along the collision axis. We have no
contact in the case of center-of-mass bombarding energy
Ecm = 0.5MeV/A, while two colliding nuclei pass each
-1
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Fig. 5. Time evolution of the dipole moment in central colli-
sions between 208Pb and 40Ca, where the cases of Ecm = 0.5,
2.0, 4.0, and 6.0MeV/A are shown (from lower to upper
curves).
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Fig. 6. Top: time evolution of the dipole moment in central
collisions between 208Pb and 238U, where the cases of Ecm =
1.5, 4.0, 8.0, and 15.0MeV/A are shown. Bottom: for reference,
the oscillation with the isovector-GDR mode of the merged
system 446174 is shown in a simplified manner, where only the
frequency of GDR is reproduced as the sine function.
other in the case of Ecm = 6.0MeV/A. We see oscillations
with a dominant frequency in the cases of Ecm = 2.0, 4.0
and 6.0MeV/A, which correspond to the appearance of
isovector-GDR. The charge equilibration is simply depen-
dent on the isovector-GDR in a collision between 208Pb
and 40Ca, where the merged system is formed.
Let us take central collisions of 208Pb + 238U, which
do not satisfy condition ii) of (3). With respect to condi-
tion i) of (3), EQ and ECL are 1.72 and 1.67MeV/A, re-
spectively. The upper energy-limit of charge equilibration
is 6.91MeV/A (table 1). Figure 6 shows the time evolution
of dipole moment along the collision axis. We have no con-
tact in the case of Ecm = 1.5MeV/A, while two colliding
nuclei pass each other in the case of Ecm = 15.0MeV/A.
By comparing two cases of Ecm = 4.0 and 8.0MeV/A to
the isovector-GDR oscillation with a frequency based on
h¯ω = 77A−1/3 (bottom of fig. 6), we recognize that the
oscillations seen in cases of Ecm = 4.0 and 8.0MeV/A do
not depend on the isovector-GDR as a total system, but on
618 The European Physical Journal A
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0.05 and the mass number by 25. Black or white square shows the existence (more than 5%) or non-existence of final products.
Triangles designate the charge equilibrium. Cases of Ecm = 1.0 and 2.0MeV/A are shown.
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Fig. 8. Histogram of final fragments (weighted by the reaction cross-section of classic mechanics) in central collisions between
208Pb and 238U, where the horizontal and vertical axes mean N/Z ratio and the mass number, respectively. The N/Z ratio is
incremented by 0.05 and the mass number by 25. Black or white square shows the existence (more than 5%) or non-existence
of final products. Triangles designate the charge equilibrium. Cases of Ecm = 6.0 and 7.0MeV/A are shown.
the relative velocity of colliding nuclei. Indeed the oscilla-
tion with higher frequency can be seen in cases with larger
bombarding energies, and such a property is drastically
different from the previous cases. As a result, GDR modes
arising from the merged system, which shows the forma-
tion of the merged composite nucleus at the early stage of
heavy-ion collisions, is observed in cases when 0.25, 1.0,
and 2.0MeV/A for 208Pb+16O, in cases when 2.0, 4.0, and
6.0MeV/A for 208Pb+ 40Ca, and never for 208Pb+ 238U.
TDHF calculations agree with the condition (3).
3.2 Charge and mass distributions
The charge and mass distributions of the final frag-
ments are discussed for two collisions: 208Pb + 16O and
208Pb + 238U. We include all N/Z ratios of fragments or
all mass of final fragments for a given bombarding energy.
We have performed three-dimensional TDHF calculations
with the step in b of 2.5 fm; b = 0, 2.5, 5.0, 7.5, 10.0,
12.5 fm for 208Pb + 16O, and b = 0, 2.5, 5.0, 7.5, 10.0,
12.5, 15.0 fm for 208Pb + 238U. Because there is no con-
tact at b = 12.5 fm for 208Pb + 16O, and b = 15.0 fm for
208Pb+ 238U, the cut-offs of impact parameters have been
executed to exclude untouched cases. Figures 7 and 8 show
the calculated charge and mass distributions, where the
left panels correspond to the appearance of charge equi-
libration, and right panels to the disappearance. Almost
100% of final fragments are in the charge equilibrium in
the case of Ecm = 1.0MeV/A, and almost 30% in the case
of Ecm = 2.0MeV/A for 208Pb+ 16O (fig. 7). Almost 60%
of final fragments are in the charge equilibrium in the
case of Ecm = 6.0MeV/A, and almost 30% in the case
of Ecm = 7.0MeV/A for 208Pb + 238U (fig. 8). The dis-
appearance of charge equilibration causes fragments with
the larger and smaller N/Z ratios.
One remarkable difference between collisions 208Pb +
16O and 208Pb+238U is whether a wider mass distribution
is obtained or not in the appearance of charge equilibra-
tion. A large single peak, which corresponds to the fu-
sion, is seen in the left panel of fig. 7. On the other hand,
the wider mass distribution is seen in the left panel of
fig. 8, which means the discrepancy between charge equi-
libration and fusion. TDHF calculations show that the
distribution of mass in the charge equilibrium is different
whether condition (3) is satisfied or not. Consequently,
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Fig. 9. Time evolution of the total density for 208Pb + 238U. The impact parameter is fixed to be 9.2 fm. We have separated
into three parts as shown in 810 fm/c for the case of Ecm = 5.0MeV/A, and in 405 fm/c for the case of Ecm = 8.0MeV/A.
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Fig. 10. Snapshots of TDHF calculations at 135 fm/c, where the proton to neutron density ratio is shown. Each contour is set
to be 0.12, while thick contours are set to 0.24. The relatively proton-rich part with a ratio of 0.72 is localized around the edge
of colliding nuclei. These two figures precisely correspond to the cases shown in fig. 9.
the charge equilibration is equivalent to the fusion when
condition (3) is satisfied, otherwise charge equilibration is
achieved without fusion.
3.3 Specific geometry of exotic nuclear synthesis
The final fragments with a specific geometry are obtained
under the disappearance of charge equilibration for col-
lisions involving heavy nuclei [18]. For simplicity we re-
strict ourselves to fragmentations into three parts, where
we have a separation into parts (a), (b) and (c) as shown
in fig. 9. Localizations of charge at the contact time gener-
ally take place according to the large Coulomb excitation
in collisions involving heavy nuclei (fig. 10), where the
charge is localized around the edge of colliding nuclei. Ta-
ble 2 shows the N/Z ratios of parts (a), (b) and (c), which
is also the evidence of having more exotic final fragments
Table 2. N/Z ratios of parts (a), (b) and (c) in fig. 9 are
shown, where we take the averaged N/Z value for part (a) of
Ecm = 8.0MeV/A.
(a) (b) (c)
Ecm = 5.0MeV/A 1.54 1.56 1.58
Ecm = 8.0MeV/A 1.64 1.42 1.47
due to the disappearance of charge equilibration. We have
more neutron-rich fragments with almost zero velocity,
and more proton-rich fragments with finite-valued veloc-
ity in the center-of-mass frame. Such a specific geometry
of the final fragments results from the combined effects of
the Coulomb excitation, and the absence of charge equili-
bration.
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3.4 Comparison to experiments
The following experimental results show charge equilibra-
tion, which agree with the upper energy-limit of charge
equilibration (1): 40Ar + 58Ni at the center-of-mass en-
ergy of 1.69MeV/A [19] (upper energy-limit ECE =
7.29MeV/A), 56Fe + 165Ho, 209Bi at the center-of-mass
energy of 2.08, 1.57 and 1.38MeV/A, respectively [20]
(ECE = 7.87, 5.28 and 4.55MeV/A, respectively). And
the following experimental results show the disappearance
of charge equilibration, which also agree with the upper
energy-limit of charge equilibration: 112Sn + 124Sn at the
center-of-mass energy of 12.50 and 12.47MeV/A, respec-
tively, where other calculations show good agreement with
experiments [21,22] (ECE = 7.66, and 7.01MeV/A, re-
spectively). In this case without the presence of charge
equilibration, the final fragments with almost the same
N/Z ratios to the initial nuclei are observed.
In cases of bombarding energies below the upper
energy-limit, the following experimental results show
the insufficient formation of the merged system, which
agree with condition (3): 166Er + 86Kr at the center-
of-mass energy of 1.35MeV/A [23] (Coulomb energy
ECL = 1.09MeV/A, extra energy EQ = 0.77MeV/A,
ECE = 5.91MeV/A, and condition i) of (3) is not
satisfied), 136Xe + 109Bi at the center-of-mass energy
of 1.7, 2.0, 2.5MeV/A [23] (ECL = 1.41MeV/A,
ECE = 6.55MeV/A, and condition ii) of (3) is not
satisfied), 238U + 238U at the center-of-mass energy
of 1.86MeV/A [23] (ECL = 1.72MeV/A, ECE =
6.77MeV/A, and condition ii) of (3) is not satisfied). Fu-
sion is never obtained in these cases, even though suffi-
ciently high bombarding energies to exceed the Coulomb
barrier are given.
4 Conclusion
The charge and mass distributions have been studied
based on systematic three-dimensional TDHF calculations
with respect to bombarding energies, impact parameters,
and masses. The reliability of TDHF calculations is high
enough as far as nucleons with the Fermi velocity are suffi-
ciently fast in the dynamics, where the collective property
of the nucleus is essential, and collisions between nucleons
become less efficient compared to the one-body dissipa-
tion. Therefore the energies discussed in this paper are
proper to be studied by TDHF calculations. The upper
energy-limit formula of charge equilibration (1) has been
proposed, and verified by both systematic TDHF calcula-
tions and experiments. As an application of this formula,
the exotic nuclear synthesis by controlling the bombard-
ing energy has been discussed. We have confirmed that
the proposed concept of exotic nuclear synthesis by giv-
ing a large bombarding energy, which exceeds the upper
energy-limit of charge equilibration, works quite well.
The main issue of this paper is to investigate the charge
and mass distributions of final fragments based on the
TDHF calculations. The condition for having the merged
system or not has been given by eq. (3), which is also ver-
ified by both systematic TDHF calculations and experi-
ments. We have shown that there are two different kinds
of charge equilibration; one is the collisions with form-
ing the merged system and the other without forming the
merged system. There exists a discrepancy between fusion
and charge equilibration only for collisions without form-
ing the merged system (for instance, collisions involving
heavy nuclei, exotic nuclei and so on). The wider mass-
distribution is a specific property of the charge equilibra-
tion without forming the merged system, while the charge
equilibration with the formation of the merged system is
equivalent to the fusion.
The specific geometry of final fragments has been
shown in the absence of charge in which the neutron-rich
fragments have almost zero velocity in the center-of-mass
frame. This is characteristic of collisions involving heavy
nuclei.
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